Pelargonium line pattern virus (PLPV) is a plus-strand RNA virus that has been proposed as type species of a tentative new genus, Pelarspovirus, in the family Tombusviridae. One of the singular traits of members of this prospective genus is the production of a unique subgenomic (sg) mRNA that is structurally and functionally tricistronic. Here, we have aimed to get insights into the mechanism that governs PLPV sg mRNA transcription. A long-range RNA-RNA interaction that is critical for the process has been identified through RNA folding predictions and mutational analysis of the viral genome. Such interaction seems to occur in the plus-strand, likely acts in cis, and specifically mediates the synthesis of sg RNA-sized minus-strand. The accumulation of this RNA species is easily detectable in plants and its generation can be uncoupled from that of the plus-strand sg mRNA. All these data together with the observation that 5¢ ends of PLPV genomic and sg mRNAs have sequence resemblances (as expected if both act as promoters in the corresponding minus-strand), support that premature termination is the mechanism underlying PLPV sg mRNA formation.
INTRODUCTION
The success of a viral infection requires precise regulation of viral gene expression. Such regulation is usually achieved through different strategies that may include transcriptional, post-transcriptional, translational and/or post-translational processes (Dreher & Miller, 2006; Drugeon et al., 1999; Maia et al., 1996) . For instance, numerous plus-strand (+) RNA viruses use RNA-templated transcription to synthesize subgenomic (sg) mRNAs that are 3¢-coterminal with the corresponding genomic (g) RNA. Such strategy has, at least, two advantages. On the one hand, it allows expression of open reading frames (ORFs) that are internally located in the g RNA and that are usually translationally silent due to the exclusive (or highly preferential) recognition of 5¢-proximal ORFs by the host translational machinery (Gale et al., 2000; Jackson et al., 2010; Kozak, 1999) . On the other hand, it permits quantitative and temporal control of viral protein production as such production will greatly depend on the efficiency and timing of sg mRNA formation (Miller & Koev, 2000) . The virallyencoded RNA dependent-RNA polymerase (RdRp) is responsible for both replication of the viral genome via RNA intermediates of minus (À)-polarity and transcription of sg mRNAs (Ball, 2007) . Three different mechanisms have been proposed for sg mRNA generation: (i) discontinuous synthesis of (À)-strands which are then used as templates for the production of sg mRNAs that contain a portion of the 5¢ UTR of the genome (Pasternak et al., 2001; Sawicki & Sawicki, 1998; Sola et al., 2011) , (ii) internal initiation of RNA synthesis from promoters located on the full-length (À)-strand of the g RNA (Haasnoot et al., 2000; Miller et al., 1985; Siegel et al., 1997) , and (iii) premature termination (PT) during synthesis of (À)-strand g RNA followed by the use of the resulting 3¢-truncated product as a template to transcribe a complementary sg mRNA (Choi et al., 2001; Miller & Koev, 2000; Sit et al., 1998; White, 2002) .
In plant viruses, internal initiation was long considered as the main mechanism for sg mRNA transcription (Miller & Koev, 2000) . However, in recent years, evidence supporting a PT mechanism has been gathered for several members of the large family Tombusviridae , which includes viruses with monopartite or bipartite (+)-RNA genomes of relatively short sizes (average 4000 nt) (Rochon et al., 2012) . Indicators of the PT mechanism would be: (i) the presence of (À)-sg RNA in infected cells, (ii) the possibility to uncouple (À)-sg RNA synthesis from sg mRNA production, (iii) the involvement of an RNA structural motif in the (+)-g RNA, termed attenuation signal (Wu & White, 2007) , that causes the RdRp to pause before it reaches the template 5¢-end, and (iv) the existence of a 3¢-terminal promoter in the (À)-sg RNA that is similar in sequence to that of the (À)-g RNA . So far, the PT mechanism has been proposed to account for transcription of sg mRNAs of several viruses belonging to five out of the 13 genera currently included in the family Tombusviridae (Adams et al., 2013; Rochon et al., 2012 Rochon et al., , 2014 . Specifically, the PT mechanism has been invoked for production of: (i) sg mRNA1 and mRNA2 of Tomato bushy stunt virus (TBSV, genus Tombusvirus) (Choi et al., 2001; Choi & White, 2002; Lin & White, 2004) , (ii) sg mRNA1 and mRNA2 of Cucumber leaf spot virus (CLSV, genus Aureusvirus) (Xu & White, 2008 ), (iii) sg mRNA2 of Turnip crinkle virus (TCV, genus Carmovirus) (Wu et al., 2010) , (iv) sg mRNA1 of Tobacco necrosis virus-D (TNV-D, genus Betanecrovirus) , and (v) the unique sg mRNA produced by the bipartite Red clover necrotic mosaic virus (RCNMV, genus Dianthovirus) (Sit et al., 1998) .
Pelargonium line pattern virus (PLPV) possesses a monopartite (+)-RNA genome that is encapsidated into icosahedral particles of about 30 nm in diameter. Its g RNA is 3883 nt in length and contains five ORFs (Fig. 1a) . The two 5¢-proximal ORFs encode two proteins involved in replication, p27 (an essential accessory protein) and its readthrough product p87 (the viral RdRp). Two central ORFs encode a couple of small movement proteins (MPs), p7 and p9.7, and the 3¢-proximal ORF encodes a product, p37, with a dual function as coat protein (CP) and as suppressor of RNA silencing (VSR) (Castaño & Hern andez, 2005; Castaño et al., 2009; P erez-Cañam as & Hern andez, 2015) . PLPV belongs to the family Tombusviridae and its gene arrangement and protein sequences closely resemble those of species of the genus Carmovirus. However, in contrast with carmoviruses that generate two sg mRNAs for expression of the internal and 3¢-proximal ORFs, PLPV produces just one sg mRNA. In addition, the MP2 gene of PLPV presents a non-AUG initiation codon instead of the canonical AUG of MP2 gene of carmoviruses, and moreover, PLPV lacks any AUG triplet between the MP1 AUG and CP AUG initiation codons while carmoviruses have 1-8 AUGs in the equivalent region. These distinctive traits are shared by four other small isometric (+)-RNA viruses that are structurally and phylogenetically related to PLPV, which has led to the proposal of their inclusion into a new genus, tentatively named Pelarspovirus, within the family Tombusviridae, with the recommendation of PLPV as type species (Castaño & Hern andez, 2005; Kinard & Jordan, 2002; Scheets et al., 2015) .
Our previous work has shown that gene expression from the PLPV tricistronic sg mRNA is accomplished through leaky-scanning events that are tightly regulated and that are favoured by the weak translation context of the initiator AUG of MP1 gene, the non-canonical initiation codon (GUG) of MP2 gene and the absence of AUG triplets between the initiation codons of MP1 and CP genes (Castaño et al., 2009) . However, nothing is known about the RNA elements and/or the mechanism involved in the synthesis of the sg mRNA of PLPV (or of any other proposed pelarspovirus), despite that control of gene expression at the transcriptional level must also be crucial for effective PLPV infection. In this study, we have sought to gain insights into the structural motifs and the mechanism that governs PLPV sg mRNA transcription. The results support that the process occurs through a PT mechanism in which a long-distance RNA-RNA interaction plays a critical role. Long-range interactions with resemblances to that of PLPV can be predicted in other proposed pelarspoviruses, opening the possibility that all species of the tentative genus employ PT for sg mRNA synthesis. Our results also show that the RNA-RNA interaction involved in PLPV sg mRNA generation can be replaced by others that are functionally equivalent in terms of transcription. However, mutant viruses with such alternate interactions showed reduced accumulation levels and were unable to systemically infect plants, which may be due to the involvement of the participating RNA stretches in additional functions.
RESULTS
Minus-strands of PLPV sg RNA are detected in virus-infected tissue As mentioned above, the presence of sg RNA-sized (À)-strands in infections is considered a hallmark of the use of a PT mechanism for sg mRNA transcription. In order to investigate this point in PLPV, Nicotiana benthamiana plants were virus-inoculated either using in vitro-generated PLPV g RNA transcripts or Agrobacterium tumefaciens cultures transformed with a full-length PLPV construct (Castaño & Hern andez, 2007; Castaño et al., 2009) . Northern blot analysis of systemic leaves with virus-specific probes allowed detection of (+)-and (À)-strands of both the g and the sg PLPV RNAs (Fig. 1b) . In agroinoculated leaves, such RNAs were detectable as soon as 1 day postinoculation (p.i.) and, as expected, its accumulation increased in the following days (Fig. 1c) . The ratio among g RNA and sg mRNA was approximately of 1 : 2 (for either polarity) in the infected tissue (Fig. 1b, c) and the ratio among their corresponding (+)-and (À)-strands was about 1000 : 1 for both the g RNA and the sg RNA. This observation was in agreement with the marked asymmetry that characterizes the replication process of (+)-RNA viruses, with plus-strands being produced in large excess over their minus counterparts (Buck, 1996; Ball, 2007) . In addition, the results showed the clear presence of (À)-strands of PLPV sg mRNA in infected leaves which would be consistent with the transcription of this viral RNA species through a PT mechanism.
Production of minus-and plus-strands of PLPV sg RNA can be uncoupled
Besides the presence of (À)-strands of sg RNA in infected tissue, another indicator of a PT mechanism is the ability to uncouple (À)-strand sg RNA synthesis from (+)-strand sg mRNA production. In tombusvirids following a PT strategy, such uncoupling could be achieved by mutating the start site of the sg mRNA Wu et al., 2010) . To explore this issue in the case of PLPV, the sg mRNA initiating adenylate, which is located within the p87 ORF (position 2251, Fig. 1a) , was replaced by an uradylate (mutant A2251U), cytidylate (mutant A2251C) or guanylate (mutant A2251G) (Fig. 2a) in the full-length PLPV construct allowing Agrobacterium-mediated viral inoculation. This inoculation method has been successfully employed to delineate relevant sequences for sg mRNA production in other (+)-RNA viruses (Renovell et al., 2010) . Northern blot analysis of viral RNAs at 2 days p.i. showed that the A-to-U substitution abolished production of (+)-sg mRNA while production of (À)-sg RNA was maintained though to levels below those of the wild-type (wt) virus (Fig. 2b, lanes 3) . Similar decreases in (À)-sg RNA production have been reported in equivalent mutants of tombusvirids following a PT mechanism (Wu et al., 2010) . A population of small-sized viral RNAs of (+)-polarity was also detected in tissue infected with mutant A2251U. This observation might result from inaccurate initiation of sg mRNA synthesis owing to the substitution of the 5¢-terminal nucleotide. The other two P-labelled riboprobes of minus-and plus-polarity, respectively, embracing positions 2621-3637 of the PLPV genome. The lack of crosshybridization between probes was corroborated in preliminary blots using in vitro transcripts of the g RNA of each polarity (data not shown). In this figure, exposition times of blots for (À)-strand detection were much longer (>20-fold) than those for (+)-strand detection. Positions of genomic (g) and subgenomic (sg) RNAs are indicated at the right of autoradiograms. Ethidium bromide staining of rRNAs is shown below the blots as loading control. Estimates of sg RNA : g RNA ratios (from three replicates) are indicated at the bottom.
assayed mutations, A2251C and A2251G, were apparently lethal for the virus as no accumulation of either g RNA or sg mRNA was detected (Fig. 2b, . This was probably due to the fact that these nucleotide changes lead to nonconservative amino acid substitutions in the viral RdRp (Thr749Pro in mutant A2251C and Thr749Ala in mutant A2251G) that likely preclude its functionality. In contrast, the A2251U mutation leads to a conservative amino acid substitution (Thr749Ser) that seems tolerated by the RdRp (Fig. 2) . The results with the latter mutant underlined the relevance of the identity of the initiating sg mRNA nucleotide for sg mRNA production and showed that the formation of the (À)-sg RNA can be uncoupled from that of its (+)-sg mRNA counterpart.
Mfold predictions reveal a potential long-distance RNA-RNA interaction close to the initiation site of PLPV sg mRNA and similar interactions in other proposed pelarspoviruses
The current model of the PT mechanism entails that an attenuation signal in the g RNA causes stoppage and dissociation of the RdRp during the (À)-strand synthesis. The available data indicate that such attenuation signal may correspond to either a local secondary structure adopted by sequences preceding the sg mRNA initiation site or to a medium-or long-range RNA-RNA interaction among two genomic elements that have been called, respectively, receptor sequence (RS) and activator sequence (AS) (Wu & White, 2007 ; Jiwan & White,
sg ( 5) ; the identity of each construct is shown above the lanes. Total RNA from mock-inoculated leaves was included as negative control (lanes 1). Leaves were collected at 2 days p.i. Relative levels (wt set to 100 %) of g RNA and sg RNA are indicated at the bottom (mean ± standard deviation from three replicates). Other details as in Fig. 1 .
2011). The RS element is usually located closely upstream of the sg mRNA start site whereas the position of the AS element differs among viruses and, moreover, it can be present on the same g RNA that is used as template for transcription (intramolecular AS/RS interaction) or even on a distinct g RNA in viruses with segmented genomes (intermolecular AS/RS interaction) . In order to identify potential structural motifs within the PLPV genome that could participate in regulating sg mRNA transcription, Mfold secondary structure predictions were performed (Zuker, 2003) . When the full-length PLPV genome was subjected to in silico analysis, a long-range base-pairing interaction was identified between a 9-nt long sequence (putative RS, positions 2238-2246), separated by just 4 nt from the downstream sg mRNA initiation site, and a 9-nt complementary sequence (putative AS, positions 1310-1318), located~900 nt upstream (Fig. 3a) . The predicted base-pairing interaction was rich in GC bp (7 out of 9 bp) and contained an AU base pair and a noncanonical GU base pair (Fig. 3a) .
Long-distance interactions, resembling that found in the optimal RNA secondary structure of PLPV, were also predicted in optimal or near-optimal RNA secondary structures of other proposed pelarspovirus, Pelargonium chlorotic ring pattern virus (PCRPV), Pelargonium ring spot virus (PelRSV), Elderberry latent virus (ELV) and Rosa rugosa leaf distortion virus (RrLDV) (Fig. 3b) . The putative AS and RS elements in the distinct viruses mapped to comparable genomic positions and showed some common features such as a preponderance of G and C residues, and, consequently, a high proportion of GC pairs in the potential attenuation signal (6 out of 11 bp in PCRPV, 5 out of 8 bp in PelRSV, 5 out of 6 bp in ELV and 6 out 10 bp in RrLDV). Nevertheless, several differences were also apparent. For instance, the length of the AS/RS interaction was variable and ranged from 6 (ELV) to 11 (PCRPV) base pairs. In addition, besides nucleotide sequence variations, differences in the stability of the AS/RS interaction were also anticipated with those of PCRPV and ELV corresponding to the most and the least stable ones, respectively, according to minimal free energy estimations (data not shown). The length of the spacer sequence separating the 3¢-end of the putative RS element and the initiation nucleotide of sg mRNA could also vary among the distinct viruses (Fig. 3) , though this is merely speculative as such initiation site has not been mapped in pelarspoviruses other than PLPV.
Assessing the relevance of the predicted longrange AS/RS interaction for PLPV sg RNA transcription Long-range interactions similar to those predicted for PLPV and other pelarspoviruses have been reported to function as attenuation signals for sg mRNA production in TBSV and CLSV (Choi & White, 2002; Lin & White, 2004; Xu & White, 2008) (Fig. 3c) . To assess whether the long-range base pairing predicted in the PLPV genome was biologically (and, in particular, transcriptionally) relevant, a set of mutants with disruptive and restorative changes in the putative AS/RS interaction was generated. The coding nature of the elements (both within the p87 gene; Fig. 3a ) involved in this potential interaction conditioned the design of mutations (attempts to reposition these sequences in ectopic positions were unsuccessful, i.e. sg mRNA transcription and/or accumulation did not take place in the new contexts). Nucleotide substitutions that were either silent or conservative regarding the p87 amino acid sequence were engineered, thus trying to minimize the potential impact on p87 functionality. The engineered constructs included: (i) two AS mutants, ASs and ASc, with silent and conservative nucleotide replacements, respectively, (ii) two RS mutants, RSc and RSs, with conservative and silent nucleotide changes, respectively, and (iii) two AS/RS mutants combining the ASs/RSc and ASc/RSs mutations, respectively. Detailed representation of these mutants is shown in Fig. 4(a) . The nucleotide substitutions in AS and RS mutants were expected to destabilize the AS/RS interaction, whereas such interaction would be regenerated in AS/RS compensatory mutants. Bioassay of AS mutants showed that both, ASs and ASc, were able to replicate (mutant ASc accumulated at significantly lower levels, likely due to the two amino acid replacements in p87 caused by the engineered nucleotide substitutions; Fig. 4a ) though, instead of a wt-sized sg mRNA, a set of lower-sized RNA molecules was detected (Fig. 4b) . Mutants RSc and RSs behaved similarly, supporting that both elements AS and RS play a crucial role in sg mRNA production. That role is most likely related to the synthesis of the (À)-sg RNA as such RNA species was apparently absent in tissue infected by any AS or RS mutant and only a series of molecules of (À)-polarity of lower molecular weight was observed (Fig. 4b) . The (+) and (À)-RNA pattern in these mutants could result from inaccurate premature termination caused by abnormal RNA folding leading to production of (À)-sg RNAs with variable 3¢-ends and imprecise initiation of the corresponding (+)-sg RNAs on such deviant (À)-sg RNAs. Outstandingly, mutants ASs/RSc and ASc/RSs, with compensatory nucleotide substitutions that allowed the establishment of AS/RS interactions similar to that predicted in the wt g RNA, were able to produce the sg mRNA. The accumulation level of mutant ASc/RSs was significantly lower than that of the wt virus or of mutant ASs/ RSc, likely because of the amino acid replacements in p87 in the former that are common to those present in mutant ASc (Fig. 4) . In addition, the ratio sg RNA : g RNA in mutant ASs/RSc was reduced (ratio of~0.75) with respect to that observed in the wt virus or in mutant ASc/RSs (ratio of~2 Fig. 3 . Putative long-range AS/RS interactions in PLPV and other proposed pelarspoviruses. The Mfold program (Zuker, 2003) was used to compute minimal free energy RNA secondary structures in the 5¢-proximal 3000 nt of each viral genome. (a) At the top, the relative positions of putative AS and RS interacting elements are depicted on a schematic representation of the PLPV genome. The bent arrow indicates the position of the initiation site of sg mRNA. At the bottom, relevant segment of the predicted PLPV secondary structure showing details of the potential AS/RS base pairing. (b) Potential base pairings among putative AS and RS elements in other proposed pelarspoviruses: PCRPV, PelRSV, ELV and RrLDV. (c) Long-distance AS/RS interactions involved in the production of sg mRNAs 1 (AS1/RS1) and 2 (AS2/RS2) of TBSV and sg mRNA2 (AS2/ RS2) of CLSV. In all cases, the bent arrow indicates the initiation site of the corresponding sg mRNA though in pelarspoviruses other than PLPV, the initiation site is conjectural (depicted by a bent arrow with dashed line and by a question mark) as it has not been experimentally determined. -9) ; the identity of each construct is shown above the corresponding lane. Total RNA from mockinoculated leaves (M) has been included as negative control (lanes 1). Leaves were collected 2 days p.i. Relative levels (wt set to 100 %) of g RNA and sg RNA are indicated at the bottom (mean ± standard deviation from three replicates). See Methods for TBSV (Wu & White, 2007) and, thus, we cannot exclude that the amino acid substitutions in protein p87 of mutant ASc/RSs (Fig. 4a) provoked some detrimental effects on the transcription process. Some variations observed in (+) : (À) ratios may arise from similar reasons, i.e. a differential recognition of plus and/or minus promoters by the wt and corresponding mutated RdRp. In any case, recovery of sg mRNA generation in ASs/RSc and ASc/RSs mutants was accompanied by restoration of (À)-sg RNA synthesis, supporting a mechanistic link among both types of sg molecules. In addition, introduction of ASs nucleotide replacements on the A2251U mutant hindered production of the sg (À)-strand (compare lanes 9 in Fig. 4a with lanes 3 of Fig. 2b) , which was consistent with the notion that formation of the AS/ RS interaction is a prerequisite for (À)-sg RNA generation. Collectively, the results supported that the AS/RS interaction occurs in vivo and that such interaction is critical for sg mRNA synthesis. Moreover, detection of (À)-sg RNA correlated with establishment of the AS/RS interaction as expected if such interaction was acting as an attenuation signal during (À)-strand synthesis.
Though according to Mfold predictions the PLPV AS/RS interaction was able to be formed intramolecularly, the potential to be established in trans was also evaluated. To this aim, N. benthamiana leaves were agroinoculated with a mix of the ASs mutant and the RSc mutant or with the ASc mutant plus the RSs mutant. We reasoned that either the wt AS/RS or the alternate ASs/RSc interactions could be established between ASs and RSc mutant molecules and that, for details on the quantification procedure and thus note that hybridization signals that appear in these blots for a given mutant were not necessarily between those included in the dataset used for estimations of relative RNA accumulation. Other details as in Fig similarly, the wt AS/RS or the alternate ASc/RSs could be constituted between ASc and RSs mutant molecules. Such intermolecular interaction could promote formation of the (À)-sg RNA and subsequent synthesis of the sg mRNA. Northern blot analyses of leaves co-inoculated with the mentioned constructs did not reveal the presence of either (À) or (+)-strands of the sg RNA (data not shown), further supporting that the proposed attenuation signal is a cis-acting element.
Preservation of a transcriptionally functional AS/ RS interaction is required for PLPV viability
The results with the AS/RS mutants indicated that PLPV sg RNA production can be directed by alternative long-range interactions with a strength similar to that of the wt one (note that ASs/RSc and ASc/RSs mutants both contain nine GC pairs and two AU base pairs which closely resemble the base pair composition of the wt interaction; Fig. 4a ). We wondered whether the PLPV variants with these alternate interactions were fully competent in plants, i.e. they were able to establish systemic infections as the wt virus and thus functions such as movement and/or encapsidation were not impaired. To answer this question, mutants ASs/RSc and ASc/RSs (and the wt construct used as positive control of infection) were agroinoculated in N. benthamiana plants, and local and systemic leaves were taken at 7 and 30 days p. i., respectively. AS and RS mutants were also bioassayed in parallel to test whether impairment of sg mRNA production was, as expected, lethal for virus viability. At 7 days p.i., Northern blot analyses revealed that, effectively, the accumulation of AS and RS mutants was negligible whereas infection by mutants AS/RS was clearly detectable (Fig. 5a ). Mutant ASs/RSc accumulated at~0.5-fold with regard the wt virus whereas ASc/RSs accumulation was decreased bỹ 0.25-fold. The amino acid replacements in the RdRp of these mutants are most likely responsible for such reductions in virus titres at this time after inoculation. Intriguingly, these AS/RS mutants did not become systemic in plants despite their efficiency in virion formation (Fig.  5b, c) . The reasons of this observation were uncertain and could be connected with the decreased accumulation of the mutants in inoculated leaves, with potential alterations in virion structure/stability and/or with the involvement of the mutagenized sequence motifs in other aspects of the infectious cycle.
DISCUSSION
In this work, evidence supporting that PLPV uses a PT mechanism to generate its unique sg mRNA has been obtained. Firstly, the clear presence of (À)-sg RNA in infected tissue has been proven. Secondly, the possibility to uncouple synthesis of (À)-sg RNA from that of the (+)-sg mRNA has been illustrated through mutation of the sg mRNA initiation nucleotide. This capacity to produce (À)-strand templates independently of their (+)-strand sg mRNA counterparts indicated that the former could serve as intermediates in transcription, as required in a PT mechanism. Thirdly, we have identified two segments in the PLPV genome, AS and RS, that are separated by~900 nt and that are essential for (À)-sg RNA generation. Such segments seem to act in the (+)-strand and regulate transcription by establishing an intramolecular, long-distance RNA-RNA interaction that, most likely, functions as an attenuation signal causing premature termination of (À)-strand synthesis. As mentioned previously, attenuation signals corresponding to cis-acting, long-range interactions have been proposed to be involved in the generation of sg mRNAs 1 and 2 of TBSV (Choi & White, 2002; Lin & White, 2004) and sg mRNA2 of CLSV (Xu & White, 2008) (Fig. 3c) . The length of the genome stretch separating AS and RS elements varies among these molecules and ranges from 998 nt (AS and RS elements implicated in TBSV sg mRNA1 production) to 2260 nt (AS and RS elements implicated in CLSV sg mRNA2 production). Besides this variation, these AS/RS interactions differ in the number and composition of base pairs. Remarkably, as observed in the PLPV AS/RS interaction that contains a GU base pair, those involved in the formation of the TBSV sg mRNA2 and CLSV sg mRNA2 contain non-canonical GU base pairs (one and three, respectively), reinforcing the notion of their (+)-strand activity. In line with this view, GU base pairs would be also present in the putative AS/ RS interactions predicted in PCRPV and RrLDV (Fig.  3b) .
Mfold analysis suggested that the global folding of the PLPV genome likely assists the formation of the AS/RS basepaired segment in cis via colocalizing the participating sequences. Local structures could additionally facilitate this interaction. An open question is whether AS/RS interaction is sufficient by itself for polymerase pausing or serves as seed to nucleate the formation of a larger structure, as suggested in other Tombusviridae (Choi & White, 2002) . Moreover, the participation of protein factors to the attenuation signal can also not be discarded.
In addition to the positive indicators of a PT mechanism for PLPV transcription discussed above, the PT model also predicts that the 3¢ end of the (À)-strand sg RNA acts as promoter for sg mRNA transcription. In agreement with this idea, the 5¢ terminus of sg mRNAs whose formation are likely to follow a PT mechanism is similar in sequence to the 5¢ terminus of the corresponding g RNA, as the viral RdRp has to be able to recognize both types (genomic and subgenomic) of promoters . As expected, the 5¢ termini of PLPV g RNA and sg mRNA, (A)ACA(A/U), also show sequence resemblances adding further support to the use of the sg (À)-strand as template for the synthesis of the sg mRNA. Similar start sequences are found in the g RNA and sg mRNA of RCNMV (ACAAA) which also seems to employ a PT mechanism (Sit et al., 1998) . Despite such parallelism among the two viruses, an essential difference among them concerns the location of the corresponding AS and RS elements. Whereas such elements have been mapped on different genomic components in the case of the bipartite RCNMV (Sit et al., 1998) and, thus, act in trans, the AS and RS of PLPV are on the unique genomic component and seem to operate exclusively (or preferentially) in cis, as proposed for other monopartite Tombusviridae (Choi & White, 2002) .
In contrast with results observed from mutants carrying nucleotide replacements that disrupted the AS/RS interaction (and thus are impaired in sg mRNA production), the AS/RS compensatory mutants were viable and their infections persisted in local leaves for 7 days and beyond, like those of the wt virus (Fig. 5) . This highlights the biological relevance of the identified AS/RS interaction and, also, the key role of the proteins produced from the sg mRNA for the progress of infection, as reported previously (Castaño et al., 2009; P erez-Cañam as & Hern andez, 2015) . Despite the accumulation in local leaves and the capacity of the AS/ RS compensatory mutants to form viral particles, the inability of these mutants to invade plants systemically indicated that the engineered mutations were deleterious to some stage(s) of the infectious cycle. In any case, the results showed that, concerning transcription, the wt AS/RS interaction can be replaced by alternative ones that are functionally similar.
To conclude, the results obtained in this work together with those reported earlier (Castaño et al., 2009) indicate that expression of internal ORFs of the PLPV genome is tightly regulated at both transcriptional and translational levels. Moreover, the finding that PLPV most likely employs a PT mechanism to produce its unique sg mRNA extends previous observations with other Tombusviridae and suggests that PT is favoured over internal initiation for the transcription process in this viral family. It is worth mentioning in this context that a reassessment of TCV sg mRNA2 production revealed that this RNA is probably produced by PT rather than by internal initiation as initially proposed Wang et al., 1999) and, thus, incorrect assignment of transcriptional mechanisms may have occurred in other cases. It should be also added that a PT mechanism has been advanced for some sg mRNAs generated by another plant virus (Citrus tristeza virus, family Closteroviridae; Gowda et al., 2001) and by a few animal viruses (Lindenbach et al., 2002; van Vliet et al., 2002) , though more experimental work is needed to confirm this issue. Further investigations will help to ascertain how prevalent the PT mechanism is among (+)-RNA viruses.
METHODS
DNA constructs. A PLPV infectious cDNA flanked by the Cauliflower mosaic virus (CaMV) 35S promoter and the terminator sequence of the Solanum tuberosum proteinase inhibitor II gene (PoPit) and cloned into the binary Ti vector pMOG800 (Castaño et al., 2009) , was used as template for introduction of distinct mutations with the Quick Change SiteDirected Mutagenesis kit (Stratagene) and proper oligonucleotide pairs. The type and position of the modifications introduced in each construct are indicated in the figures depicting the mutants. All mutant constructs were verified by DNA sequencing with an ABI PRISM DNA sequencer 377 (Perkin-Elmer).
Virus inoculation. Recombinant binary plasmids were transformed into A. tumefaciens strain C58C1 CH32 by the freeze/thaw shock method. Cultures of A. tumefaciens harbouring the different Ti plasmid constructs were infiltrated at an OD 660 of 0.5 on the abaxial side of N. benthamiana leaves using a 5 ml needleless syringe. The infiltrated plants were kept under greenhouse conditions (16-h days at 24 C, 8-h nights at 20 C) and leaf samples were taken at distinct times after infiltration. In some experiments, N. benthamiana plants were mechanically inoculated with PLPV transcripts derived from a T7-promoter driven construct as previously described (Castaño et al., 2007) . All experiments were repeated at least three times and the means for g RNA and/or sg RNA accumulation (with standard deviations) are given.
RNA extraction, virion purification, tissue printing and Northern blot analysis. Total RNA preparations from N. benthamiana leaves were obtained by phenol extraction and lithium precipitation (Verwoerd et al., 1989) . Virions were purified by pelleting through a sucrose cushion (Ivars et al., 2004) . For Northern blot analysis, 4 µg total RNA was denatured by glyoxal-dimethyl sulfoxide treatment, electrophoresed in 1 % agarose gels and blotted to nylon membranes (Hybond N+; GE Healthcare). Virion preparations were treated similarly with the exception that they were resolved in non-denaturing conditions. In some experiments, tissue printing was performed for virus detection. To this aim, stems or leaf blades were directly imprinted onto nylon membranes. After UV-crosslinking, membranes were incubated with 32 P-radioactive RNA probes for detection of (+) or (À) PLPV RNAs. Such probes were generated by in vitro transcription of pBluescript KS(+)-based constructs containing the PLPV p37 gene (nt 2621-3637 of PLPV genome). For estimation of (+) : (-) strand ratios, specific activity of 32 P-labelled riboprobes of (+)-and (À)-polarity was equalized prior to use by measuring trichloroacetic acid (TCA)-precipitable counts. Lack of cross-hybridization between probes was corroborated using non-radioactive in vitro transcripts of the g RNA of each polarity in preliminary Northern blot assays. Hybridization signals were visualized by autoradiography and their quantification was done with the aid of a PhosphorImager (Fujifilm FLA-5100). Where applicable, three replicates were used for quantification as indicated above; when data from more than three replicates were available, the highest and/or lowest value(s) were discarded as they were considered to be less representative.
RNA secondary structure prediction. Secondary structure predictions were performed using the Mfold program version 4.6 (www.bioinfo.rpi.edu/applications/mfold; Zuker, 2003) .
